We evaluated the influence of prenatal exposure to widespread urban air pollutants on the development of self-regulation and social competence in a longitudinal prospective cohort of children born to nonsmoking minority women in New York City. Methods: Air pollutant exposure was estimated categorically by level of polycyclic aromatic hydrocarbon (PAH)-DNA adducts in maternal blood collected at delivery, providing a biomarker of maternal exposure to PAH over a 2-to 3-month period. Deficient emotional self-regulation (DESR) was defined as moderate elevations on three specific scales of the child behavior checklist (anxious/depressed, aggressive behavior, and attention problems). We used generalized estimating equations to assess the influence of prenatal exposure to PAH on DESR in children at 3-5, 7, 9, and 11 years of age, adjusted for gender and race/ethnicity. Next, we assessed the association of prenatal exposure to PAH with social competence, as measured by the social responsiveness scale (SRS), the association of impaired self-regulation with social competence, and whether impairment in self-regulation mediated the association of prenatal exposure to PAH with social competence. Results: We detected a significant interaction (at p = .05) of exposure with time, in which the developmental trajectory of self-regulatory capacity was delayed in the exposed children. Multiple linear regression revealed a positive association between presence of PAH-DNA adducts and problems with social competence (p < .04), level of dysregulation and problems with social competence (p < .0001), and evidence that self-regulation mediates the association of prenatal exposure to PAH with social competence (p < .0007). Conclusions: These data suggest that prenatal exposure to PAH produces longlasting effects on self-regulatory capacities across early and middle childhood, and that these deficits point to emerging social problems with real-world consequences for high-risk adolescent behaviors in this minority urban cohort.
Introduction
Polycyclic aromatic hydrocarbons (PAH), including benzo [a] pyrene (B[a]P), are neurotoxicant pollutants released during incomplete combustion of fossil fuel, tobacco, and other organic material (Bostrom et al., 2002) , found in air and dietary sources. Human exposure to PAH is ubiquitous. Differential siting of outdoor pollution sources in low-income, urban, and minority communities produces striking disparities in exposure levels (Heritage, 1992; Metzer, Delgado, & Herrell, 1995; Olden & Poje, 1995; Pirkle et al., 1996; Wagenknecht, Manolio, Sidney, Burke, & Haley, 1993; Wernette & Nieves, 1992) . Exposures to PAH and other environmental pollutants during the prenatal and early postnatal stages are of particular concern for child health and development (Grandjean and Landrigan 2006; National Research Council 1993; Perera et al. 2004) . Early exposure may add risk because of the heightened susceptibility of the developing brain to these exposures (Nijland, Ford, & Nathanielsz, 2008; Rodier, 2004) . During the fetal period and early childhood years, the brain is rapidly developing and vulnerable to neurotoxic insults that may manifest as adverse outcomes in childhood and adulthood (Shonkoff & Garner, 2012; Stein, Schettler, Wallinga, & Valenti, 2002) . Animal studies of PAH exposure during the prenatal, neonatal, and adult periods have reported a range of neurodevelopmental and behavioral effects (Brown et al., 2007; Wormley, Ramesh, & Hood, 2004) , including hyperactivity (Grova et al., 2007; Schellenberger et al., 2013) . In humans, a significant dose-response relationship is detected between prenatal PAH exposure and significant reductions in white matter surface in middle childhood (Peterson et al., 2015) . Prenatal exposure to PAH is associated with autism (Becerra, Wilhelm,Volk, Lurmann, Penfold, Hertz-Picciotto, & McConnell, 2013) ; ADHD (Perera et al., , 2014 Peterson et al., 2015) ; symptoms of anxiety, depression, and inattention (Perera et al., 2014) ; and externalizing behaviors (Peterson et al., 2015) . These disorders all derive at least in part from deficits in selfregulation.
Self-regulation is an important transdiagnostic dimension of behavior. Deficits in self-regulation as measured by cognitive control tasks and alterations in frontostriatal control systems are implicated in many childhood psychopathologies including attention deficit hyperactivity disorder (Casey et al., 2007; Nigg & Casey, 2005) , obsessive-compulsive disorder, Tourette's syndrome, and eating disorders (Marsh, Maia, & Peterson, 2009) . The development of these circuits in the perinatal period is vulnerable to the effects of neurotoxicants in the environment; however, few studies have examined the long-term effects of neurotoxicants on self-regulation. Little is known about the longer term effects of prenatal and early life exposure to PAH on self-regulatory behavior and social function in early adolescence. The study presented in this paper examines the effects of prenatal exposure to air pollution (PAH) on the developmental trajectory of self-regulatory capacities across childhood from age 3 to 11 years old.
We undertook the current study to determine whether prenatal exposure to PAH is associated with deficits in self-regulation in late childhood and early adolescence, which could in turn predispose children to negative outcomes in social functioning. Self-regulation develops throughout early and middle childhood. Failure to develop this capacity is associated with behavior problems and psychopathology.
We conceptualize self-regulation as successfully achieving control in cognitive, behavioral, and emotional domains. Cognitive control refers to a set of mental processes that are responsible for executing, guiding, and monitoring these desired behaviors, while inhibiting inappropriate or disadvantageous responses (Dubin, Maia, & Peterson, 2010) . Such processes may be measured with survey data about a person's attention. Behavioral control refers to a set of motor processes that are responsible for inhibiting the urge to perform acts without considering the consequences of having performed such acts. Such behaviors may be measured with survey data reflecting aggressive behavior. Emotional control refers to a set of mental processes that maintain a midrange emotional state, neither too excited nor too dampened. Such behaviors may be measured with survey data reflecting problems in mood.
Given this theoretical model, we operationalize self-regulation with the deficient emotional selfregulation (DESR) profile score from the children's behavior check list (CBCL) (Achenbach, 1992) . The CBCL is a well-validated survey of children's behavior with excellent psychometric properties. The DESR score is composed of the anxiety/depression, attention, and aggressive behavior scales of the CBCL. These scales map to the domains identified in our model of selfregulation: cognition (attention problems scale), behavior (aggressive behavior scale), and emotion (anxious/depressed). Prior studies demonstrate that elevated scores on the DESR scale are associated with increasing levels of social and conduct problems. Compared to children with ADHD who do not have elevated DESR scores, children with ADHD who have moderately elevated DESR scores are more likely to have oppositional defiant disorder and social problems . Children with ADHD and highly elevated DESR scores are likely to have conduct disorder and bipolar disorder . Thus, level of dysregulation, as measured by the DESR, is associated with varying levels of poor behavioral outcomes, social difficulties, and psychopathology. These studies are consistent with many reports that self-regulation is associated with social competence (Belsky, Pasco Fearon, & Bell, 2007; Eisenberg, Spinrad, & Eggum, 2010; Eisenberg et al., 2000 Eisenberg et al., , 2005 Fabes et al., 1999; Kochanska, Murray, & Harlan, 2000; Krueger, Caspi, Moffitt, White, & Stouthamer-Loeber, 1996; Martel et al., 2007; Melnick & Hinshaw, 2000; Mischel, Shoda, & Rodriguez, 1989; Murphy & Eisenberg, 1997; Nigg, Quamma, Greenberg, & Kusche, 1999; Shoda, Mischel, & Peake, 1990; Spinrad et al., 2006) .
We were concerned with two research questions: Is PAH exposure (as measured by the presence of PAH-DNA adducts in maternal blood at delivery) associated with a pattern of dysregulation, and does this pattern persist over time? Does this PAH exposed phenotype contribute to social impairment in late childhood/early adolescence? We hypothesized that (1) Compared to children whose mothers had no detectable PAH-DNA adducts, children whose mothers had detectable PAH-DNA adducts would be more likely to manifest signs of poor selfregulation across childhood, resulting in a persistent pattern of deficient self-regulation over time. (2) In these same children, a persistent pattern of deficient self-regulation would increase the likelihood of social impairment in late childhood/early adolescence. (3) Deficient self-regulation would mediate the association between prenatal exposure to PAH and subsequent social impairment in early adolescence. Self-regulation begins to emerge at age 3 (Rothbart & Rueda, 2005) , when children still engage in parallel and independent play. By the time children engage consistently in cooperative play at age 5 (Parten, 1932) , many self-regulatory capacities are developed (Gerstadt, Hong, & Diamond, 1994; Mischel et al., 1989) . Thus, we built the mediation model to match this developmental progression.
Methods

Sample
A complete description of the NYC cohort appears elsewhere (Perera et al., 2006) . African-American and Dominican women who resided in Washington Heights, Harlem, or the South Bronx in NYC, United States were recruited between 1998 and 2006 through local prenatal care clinics. Enrollment was restricted to women who were nonactive cigarette smokers; aged 18-35; nonusers of other tobacco products or illicit drugs; free of diabetes, hypertension, or known HIV; and who had initiated prenatal care by the 20th week of pregnancy. The Institutional Review Board of the Columbia University Medical Center approved the study. Mothers signed a consent form, approved by the IRB, for themselves and their children at the time of enrollment and at every subsequent visit. The children signed an IRB-approved assent form beginning at age 7. The consent and assent forms are available in English and Spanish and clearly explain the study goals and procedures.
Measures
Exposure. DNA adducts integrate PAH exposure over a period of months (estimated half-life of 3-4 months in blood) (Mooney et al., 1995) , reflecting individual variation in exposure, absorption, metabolic activation, and DNA repair. They thus provide a biological dosimeter that incorporates both exposure and biological susceptibility. Adducts reflect multiple possible biological pathways for the pathogenic effects of PAH, representing DNA damage (genotoxicity), detoxification, and DNA repair (Godschalk, Van Schooten, & Bartsch, 2003; Veglia et al., 2008) . They may also play a role in epigenetic alterations (DNA methylation) (Herbstman et al., 2012) . The assay specifically measures the adducts formed by benzo [a] pyrene as a proxy for PAH-DNA because it is considered a representative PAH and is highly correlated with other PAH class members (Perera et al., 2006) . The method used to measure the adducts has been described previously (Perera et al., 2006) . Briefly, a total amount of 100 lg DNA was used for each analysis. DNA samples were dissolved in 0.1 N HCl and acid hydrolysis carried out at 90°C for 6 hr. The resulting solution was analyzed in a Shimadzu HPLC system with an automatic sample injector and RF-10Axl spectrofluorometric detector. The tetrol concentrations were calculated by comparing the areas of samples to be analyzed with an external calibration curve, generated from the fluorescence peak of an authentic BPDE tetrol standard, every time a set of samples was analyzed. Calibration was conducted using DNA from calf thymus, alone (background) and added to 2, 4, and 8 pg anti-BPDE tetrol. These standard solutions were then treated in the same way as the tested samples (hydrolyzed in 0.1 N HCl at 90°C for 6 hr). The minimum correlation coefficient was .98 and the mean coefficient of variation for analyses repeated on different days was 12%. This assay can measure 0.25 adducts/10 À8 nucleotides. PAH exposure (DNA adducts) was used as a dichotomous variable because 60% of the mothers in the sample had DNA adduct levels in the nondetectable range and therefore the variable is not normally distributed.
Deficient emotional self-regulation. Deficient emotional self-regulation was operationalized by summing the standardized T-scores for each child on three of the subscales from the CBCL (T. M. Achenbach & Rescorla) : anxious/ depressed, aggressive behavior, and attention problems scales , which measure intense emotions, aggression, and impulsivity, respectively. The CBCL was selected because of its excellent psychometric properties and ease of administration. Mothers completed the age appropriate version of the CBCL when their children were 3-5 (Achenbach & Rescorla, 2000) , 7, 9, and 11 (Achenbach & Rescorla, 2001) years of age. The DESR score was used as a continuous variable. T-scores have a mean of 50 and a SD of 10 points; the children in our study performed largely in the average range, as expected because they are drawn from a community sample. Higher T-scores indicate more dysfunction. The three scales were intercorrelated. At age 9, anxious/depressed scale correlated with attention r = .523 (p < .0001) and aggressive r = .626 (p < .0001); attention correlated with aggressive r = .628 (p < .0001).
Social impairment. The social responsiveness scale (SRS) assesses social impairment. Mothers completed the SRS when their children were 11 years old. The SRS is a continuous, quantitative measure of social ability, yielding scores that range from significant impairment in communication and social behavior (as in autism spectrum disorders) to above average ability, determined by maternal report (Constantino & Gruber, 2005) . The scale contains five subscales: Social Awareness, Social Cognition, Social Communication, Social Motivation, and Autistic Mannerisms, which respectively measure the ability to recognize social cues, the ability to interpret social cues, the ability to use expressive verbal and nonverbal language skills, the ability to engage in social-interpersonal behaviors, and the tendency to display stereotypical behaviors and restricted interests characteristic of autism. The SRS Total T-score reflects the sum of the T-scores for the five scales.
Statistical analysis. We examined the effect of prenatal exposure to PAH (presence vs. absence of maternal PAH-DNA adducts) on the development of self-regulatory capacity, as measured by the CBCL DESR score. To evaluate the effect of prenatal exposure to PAH on DESR score (continuous) at ages 3-5, 7, 9, and 11 years, we used generalized estimating equations (GEE) (Zeger & Liang, 1986 ). We used negative binomial regression to model DESR scores, which are considered overdispersed count data and used an unstructured correlation structure to estimate the PAH-by-age at DESR assessment interaction parameter. We included gender and ethnicity as covariates in the model to account for differences between the normative sample and our cohort. We also considered the following potential confounders and tested whether they differed between exposed and nonexposed groups: maternal education as a measure of SES, marital status which includes presence of a partner in the home, and maternal psychological distress, anxiety, and depression (Dohrenwend, Shrout, Egri, & Mendelsohn, 1980) as a measure of family history of psychological problems (Table 1) . Variables not associated with PAH exposure were dropped from the final model; variables associated with PAH exposure were tested in the GEE analysis. If a variable was not associated with outcomes in the GEE model it was dropped from the final analysis. Previous work in this cohort has demonstrated that mean PAH levels were not associated with neighborhood socioeconomic status and adjusting for street traffic density near the home did not alter outcomes in models predicting childhood obesity as a result of prenatal exposure to PAH (Rundle et al., 2012) . Therefore, we did not include neighborhood socioeconomic status in our consideration of potential confounding factors.
To evaluate whether the DESR operationalizes self-regulation or simply ADHD-like symptoms, we tested at age 9 the association of prenatal exposure to PAH with each scale that composes the DESR score: attention problems, aggressive behavior, anxious/depressed. To evaluate 'real-world' outcomes associated with prenatal PAH exposure, we tested the association between maternal adducts and social difficulty as measured by the SRS, and whether emotional dysregulation at age 9 mediated any observed associations between maternal PAH-DNA adducts and social impairment at age 11, using the Sobel test for mediation. All analyses included gender and ethnicity as covariates.
The sample included in the GEE analysis is composed of the children who had available data on maternal PAH-DNA adducts, CBCL data from at least one assessment point (age 3-5, 7, 9, and 11) and all covariates of interest (race/ethnicity and gender) (n = 462). The mediation analysis includes children with available data on maternal PAH-DNA adducts, CBCL data at age 9, and SRS data at age 11 (n = 262). In the mediation analysis, we substituted 7-year CBCL data for 20 children who were missing 9-year CBCL data.
Results
We assessed the association of PAH-DNA adducts in maternal blood with DESR scores at all ages (n = 450 at ages 3-5, n = 406 at age 7, n = 376 at age 9, and n = 313 at age 11). Collectively, these measurements included a total of 462 participants selected from the entire CCCEH cohort (see Figure 1) .
Forty percent of mothers (n = 187) in the NYC cohort had detectable levels of PAH-DNA adducts in maternal blood. Table 1 presents a comparison of demographic variables between the group of children whose mother had detectable adducts and those who did not. The DESR scores are within the normal range, as expected because this is a study of a community sample of children, in contrast to the clinic-referred samples reported by (Table 2) .
We assessed the effect of prenatal exposure to PAH (presence or absence of detectable PAH-DNA adducts in maternal blood) on children's self-regulation (DESR score) across childhood from age 3 to 11 years, controlling for gender and race/ethnicity. We detected a significant interaction between prenatal exposure (presence of maternal adducts or not) and age at DESR assessment, p = .05. The effect of adducts on DESR was not constant over time but increased at a different rate within each exposure group. Among those without detectable adducts, the average DESR score decreased substantially over time (À0.38% per year). Among those with detectable adducts, average DESR score decreased minimally over time (À0.09% per year) (see Figure 2) . At age 3, the groups were not appreciably different; children whose mothers had detectable PAH-DNA adducts had average adjusted DESR scores that were the same as those whose mothers did not have detectable adducts (scores of 163.7 and 163.5 among detectable and nondetectable adducts groups, respectively (p = .840)). By the last two measurement points at ages 9 and 11, the DESR scores were significantly different between the exposure groups. At age 11, children whose mothers had detectable PAH-DNA adducts had average adjusted DESR scores that were significantly higher than children whose mothers did not have detectable adducts (scores of 162.7 and 159.0 among the detectable and nondetectable adducts groups, respectively (p = .020)). This difference at age 11 represents an effect size of approximately one-half of a standard deviation between groups.
To evaluate whether the DESR score operationalizes self-regulation and not simply ADHD-like symptoms, we assessed at age 9 the association of each Figure 1 Flowchart depicting the sample selection strategy for the current study scale composing the DESR (Anxious/Depressed, Aggressive Behavior, and Attention Problems) with prenatal exposure to PAH, controlling for gender and ethnicity. Each of these associations was significant, p < .02, .01, .03, respectively. The beta value indicating the strength of the association between the DESR score and PAH was three times higher than the beta values estimating the strength of association between each individual scale composing the DESR score and PAH (see Table 3 ). This suggests that no one individual scale contributed more than another scale to the association of the DESR score and PAH and that the DESR score is not simply a measure of attention capacity, but rather captures self-regulatory behavior that cuts across domains of behavior.
To understand how prenatal PAH exposure might affect behavioral outcomes in early adolescence, we evaluated the association of prenatal exposure to PAH and social competence, as measured by the SRS. We also tested whether self-regulation, as measured by the DESR, mediated this association (Figure 3) .
We first tested the association between prenatal exposure to PAH and social competence. Of the entire sample of children with DESR scores (n = 462), only 262 children had data available for both maternal PAH-DNA adducts and the SRS. We detected a positive association of prenatal exposure to PAH with SRS Total Score, controlling for gender and ethnicity, p < .06. Three of the SRS scales drove this association: SRS Cognition, p < .04; SRS Communication, p < .06; and SRS Awareness, p < .06. We then tested the association of self-regulation (DESR) with social competence. The DESR score was positively associated with the SRS Total Score and all SRS subscales, p < .0001, while controlling for gender and ethnicity. Last, we tested whether the DESR score mediated the association of prenatal exposure to PAH with social competence. When prenatal exposure to PAH and the DESR score were included in the linear regression model predicting SRS, the association of prenatal exposure to PAH with SRS was not significant (SRS Total, p < .80; Cognition, p < .60; Communication, p < .80; Awareness, p < .50), indicating that the DESR score mediates the association of PAH with SRS. The statistical test of mediation was significant for SRS Total score, p < .0004, and for the three SRS subscales, Cognition, p < .0007; Communication, p < .0006, and Awareness, p < .001, while controlling for race/ethnicity and gender. Thus the relationship between prenatal exposure to PAH and social competence appears to be mediated by, and operating through the development of self-regulatory capacities.
Discussion
To our knowledge, this is the first study to examine the effects of prenatal exposure to PAH on neurodevelopment that incorporates multiple measurement times across childhood. This design allows us to model the effect of exposure on the developmental trajectory of self-regulatory capacities. In this prospective cohort study of 462 children, we detected significant alterations in the developmental trajectory of self-regulatory capacities in children with prenatal exposure to PAH. We operationalized self-regulatory capacity with the DESR score derived from the CBCL. Children whose mothers did not have detectable PAH-DNA adducts demonstrated increased capacity for self-regulation from 3 to 11 years. In contrast, children whose mothers had detectable PAH-DNA adducts at delivery on average failed to improve in their capacity for self-regulation from 3 to 11 years. These children evidenced persistent problems in the domains of attention problems, aggression, and anxiety/depression. The strength of the association between the DESR score at age 9 and prenatal exposure to PAH was three times greater than the strength of association of each individual scale composing the DESR score and prenatal exposure to PAH, indicating that the DESR score captures self-regulatory capacity across domains of behavior and is not simply measuring ADHD-like symptoms. Prenatal exposure to PAH was also associated with level of social competence at age 11. Level of self-regulation at age 9 was associated Age in Years Longitudinal effects of prenatal exposure to air pollutants with level of social competence at age 11, and mediated the association of prenatal exposure to PAH with social competence. These findings suggest the presence of a developmental pathway to dysregulated attention, behavior, and emotion, and impaired socialization in children with prenatal exposure to PAH. Self-regulatory systems follow a well-known developmental trajectory from age 3 to 11 years. Many experimental tasks tap discrete neuropsychological skills that are associated with self-regulatory control in the behavioral, cognitive, and emotional domains. Performance on these tasks suggests that development of these capacities follows a well-defined temporal sequence. Across domains, studies demonstrate behavioral (motor) control emerges first at age 3 (Rothbart & Rueda, 2005) , followed by emotional (delay of gratification) control that begins to emerge at age 4 (Mischel et al., 1989) , and last, cognitive (inhibitory) control emerges at age 5 (Williams, Ponesse, Schachar, Logan, & Tannock,1999) . In the behavioral domain, between 3 and 4 years of age children develop the ability to inhibit a prepotent motor response, as measured by various motor conflict tasks including the Simon Says (Jones, Rothabrt, & Posner, 2003; Reed, Pien, & Rothbart, 1984) , Luria Tapping (Diamond & Taylor, 1996) , and spatial versus identity conflict task (Gerardi-Caulton, 2000) ; by age 5 most children have developed this capacity (Rothbart & Rueda, 2005) . In the cognitive domain, between 3 and 4 years of age, children have difficulty inhibiting a cognitive response as measured by various inhibitory control tasks including card sorting (Jacques, Zelazo, Kirkham, & Semcesen, 1999) , and the 'day-night' task (Gerstadt et al., 1994) ; by age 5 most children can generally perform these tasks. In the emotional domain, beginning at age 4, children begin to be able to delay gratification and continue to develop more efficient delay strategies at least until age 10 (Mischel et al., 1989 ). In this current study, children with prenatal exposure to PAH appear not to follow this typical developmental trajectory. Children of mothers with PAH-DNA adducts demonstrate an altered developmental trajectory characterized by a failure to develop increased behavior, attention, and emotion regulation.
Self-regulatory capacity is associated with social competence across the range of possible behaviors and across early childhood development into adolescence. Higher levels of self-regulation are strongly associated with higher levels of social competence (i.e. increased levels of emotional control and prosocial behavior) over the course of development, as demonstrated in cross-sectional and longitudinal studies. In preschool children, capacity for effortful control is associated concurrently with ability to control anger and joy (Kochanska et al., 2000) and with less negative emotional arousal and better social competence . Good selfregulation in preschool children predicts better social functioning in school age children (Murphy, Eisenberg, Fabes, Shepard, & Guthrie, 1999; Spinrad et al., 2006) . Better ability to delay gratification in preschool children is associated in adolescence with better ability to cope with frustration and stress (Shoda et al., 1990) and with better interpersonal and social skills (Mischel et al., 1989) . Similarly, higher levels of self-regulatory capacity are associated with lower levels of aggressive behavior in typically developing children (Nigg et al., 1999) and in children with behavior problems (Mischel et al., 1989) . Conversely, lower levels of self-regulatory capacity in childhood are associated with higher levels of social impairment (i.e. higher levels of externalizing behaviors, aggression, and peer conflict) over the course of development. Poor attention regulation in 6-month olds predicts aggressive behavior at age 2 (Eisenberg et al., 2010) . In preschool children, poor inhibitory control is associated with externalizing problems (Utendale & Hastings, 2011) , and greater conflict with peers (Eisenberg , 2000; Murphy & Eisenberg, 1997) . In elementary and junior high school students, poor inhibitory control is associated with higher levels of externalizing problems in typically developing (Belsky et al., 2007; Eisenberg et al., 2005 Eisenberg et al., , 2010 Lengua, 2003) and high-risk children (Martel et al., 2007) . In early adolescence, a poor ability to delay gratification is associated with externalizing disorders (Krueger et al., 1996; Mischel et al., 1989) . This association between self-regulation and social competence is consistent with our findings in the current study that demonstrate a strong association between level of self-regulatory capacity at age 9 and social competence at age 11. These findings suggest that the effects of impaired self-regulatory capacities extend over time and that impairment in self-regulatory capacities can affect children in discrete domains of social functioning.
In the current study, prenatal exposure to PAH was associated with level of social competence at age 11. Other previous studies report that prenatal exposure to sources of PAH is associated with disorders characterized by social problems. Prenatal exposure to traffic-related air pollution, of which PAHs are a component, is associated with an autism diagnosis (Volk et al., 2011 (Volk et al., , 2013 . Not all social problems derive from autism spectrum dysfunction in social processing or social cognition; some derive from deficits in self-regulation, consistent with the long known finding that children with ADHD have social difficulties. For example, prior studies suggest that children with ADHD who are low in inhibitory control are more poorly regarded by peers than children high in inhibitory control (Bagwell, Molina, Pelham, & Hoza, 2001; Ronk, Hund, & Landau, 2011) . In the present study, three SRS subscales drove the association of PAH with social competence: Social Awareness (i.e. the ability to pick up on social cues); Social Cognition (i.e. the ability to interpret social cues); and Social Communication (i.e. expressive verbal and nonverbal language skills). These subscales relate directly to self-regulation. With respect to social awareness, self-regulation is necessary for paying attention to interactions with other people. In terms of social cognition, self-regulation is necessary for identifying other people's emotional states. In terms of social communication, selfregulation is necessary for ensuring that a response is appropriate to the situation. The two subscales that were not associated with PAH seem to have little to do with self-regulation: Social Motivation (i.e. motivation to engage in social-interpersonal relationships); and Autistic Mannerisms (i.e. stereotypical behaviors and restricted interests characteristic of autism). We demonstrated further that the association of PAH with social competence is mediated by self-regulatory capacity. The relationship between prenatal exposure to PAH and the development of later social competence appears to be operating mainly through the development of self-regulatory capacities throughout childhood.
The alterations in the developmental trajectory of self-regulatory capacity that is associated with prenatal exposure to PAH may derive from alterations in brain development in the perinatal or early childhood periods. Prenatal exposure to PAH is associated with reductions in white matter surface of the brain and externalizing psychopathology (Peterson et al., 2015) . Postnatal exposure was associated with further alterations in white matter surface in bilateral prefrontal cortices, above and beyond the effects of prenatal exposure to PAH (Peterson et al., 2015) . Cortico-striatal-thalamocortical (CTSC) circuits comprise frontal, parietal, and motor cortices. These circuits govern subsystems that produce behavior relevant to self-regulation: motor, attentional, and emotional responses. These neural subsystems interact with one another, such that frontal control systems interact with emotional and motor systems to regulate activity through the subcortical circuits. Dysfunction in these circuits is associated with numerous childhood disorders, including attention deficit hyperactivity disorder (Mills et al., 2012) , obsessivecompulsive disorder (Pauls, Abramovitch, Rauch, & Geller, 2014 ), Tourette's syndrome (Peterson et al., 1998) , substance use disorders (Hyman, Malenka, & Nestler, 2006) , and eating disorders (Marsh et al., 2011 ). In our current study, prenatal exposure to PAH is strongly associated with an altered developmental trajectory of self-regulatory capacities that is likely associated with altered function of the fronto-parietal control systems. Future studies should examine how functional activation of these circuits during the engagement of cognitive control varies between children with and without prenatal exposure to PAH.
Our study has a number of methodological strengths. The study utilizes the Columbia Children's Center for Environmental Health dataset (Perera et al., 2006) , which is a prospective, longitudinal dataset designed and implemented with gold standard epidemiologic methods. The dataset contains measurements of prenatal exposure to air pollution in the form of maternal PAH-DNA adducts as well as independent measurements of self-regulatory capacity at four time points across childhood. The dataset is an excellent representation of a well-defined subset of the population, thereby providing excellent information about the cognitive and emotional development of children born to minority women in large urban environments. Our study also has some limitations, however. One is missing data from loss to follow-up. Another is that we have survey, but not direct measures of children's self-regulatory capacity across ages. We have controlled for a number of potential confounds, including exposure to tobacco smoke, which contains PAH. We therefore excluded smoking mothers from the sample. We also controlled for ethnicity and gender in our analyses.
Future studies should consider: (a) the effects of prenatal exposure to PAH with multiple measures of exposure and with multiple direct measures of children's self-regulatory capacity, (b) the effects of interactions between exposures on the developing brain and trajectories of development, and (c) the effects of gene-by-environment interactions on the developing brain and trajectories of development.
Conclusion
Our findings suggest children with prenatal exposure to PAH do not follow a typical trajectory for developing self-regulatory capacity, an important transdiagnostic dimension of behavior associated with many childhood psychopathologies (Marsh et al., 2009; Nigg & Casey, 2005) , and indicate the presence of a developmental pathway to dysregulated attention, behavior, and emotion, and impaired socialization. This potential etiology of childhood neurodevelopmental disorders is grossly underappreciated given the ubiquity of environmental PAH. We suggest that a range of neurotoxicants likely contribute significantly to the etiology of seemingly idiopathic childhood disorders.
